Mosaic loss of chromosome Y (LOY) in blood is linked to increased risk for morbidity and mortality in men. LOY is the most common acquired mutation and is associated with diseases such as cancer and Alzhemer's disease. We studied DNA, RNA and proteins in bulk, sorted-and single-cells in vivo and in vitro. We show that Alzheimer's disease and prostate cancer patients had more LOY in NK cells and CD4+ T-lymphocytes, respectively. Furthermore, gene expression was profoundly altered in cells with LOY in a pleiotropic fashion and autosomal genes important for normal immune cell functions showed LOY associated transcriptional effect. Proteomic analysis also indicated that LOY leaves a footprint in the plasma proteome. We provide the first mechanistic explanation for the associations between LOY in blood and risk for disease in other organs.
Introduction
Chromosome Y is required in mammals to override the development of the default female sex. The human X and Y chromosomes evolved from a pair of autosomes over the past 300 million years.
During the early history of chromosome Y, a genetic decay with gene loss has occurred. However, the mammalian chromosome Y has been remarkably stable for the past 25 million years [1, 2] . The molecular studies of chromosome Y are challenging mainly due to its rich content of highly repetitive, low-level redundancy and palindromic sequences. Although the male DNA was included in the early genome sequencing projects, the Y chromosome was largely ignored, due to difficulties in sequence assembly. Nevertheless, chromosome Y contains genes important for a wide range of functions ( Fig. 1) [2] , suggesting that it is far from a gene desert. However, the notion of chromosome Y being a genetic wasteland has been, and perhaps still is, difficult to erase.
Since the earliest cytogenetic analyses, LOY has been known to occur in hematopoietic cells [3, 4] , resulting in a complete lack of almost 2% of the haploid nuclear genome in a cell with this aneuploidy. However, the phenotypical consequences of LOY, on the level of a cell or an entire organism, have remained unclear. The prevailing consensus under several decades suggested that LOY should be considered phenotypically neutral and related to normal aging [5] [6] [7] . This further added to the misconception surrounding chromosome Y as only being important for male sex determination and other male-specific traits, but largely insignificant beyond that.
We first used unadjusted logistic regression models with the continous mLRRY as response variable [8, 10] , which showed that men diagnosed with AD had more LOY in NK cells compared with controls (p=0.0109, Fig. 2A ) and that men diagnosed with PC had more LOY in CD4+ T lymphocytes (p=0.0312, Fig. 2D ). This result was confirmed by logistic regression models fitting the effects from age and smoking which are known LOY-associated confounders ( Fig. 2B and E) . Remarkably, in NK cells, LOY was 4.4 times more common in AD patients than in controls, using a cut-off representing >40% of NK cells with aneuploidy ( Fig. S4A) . This could be compared to previous study of AD and LOY scored in whole blood DNA, showing an adjusted hazard ratio of 5.3 for AD-free follow up [10] . Furthermore, in PC patients we observed that CD4+ T-lymphocytes were more commonly affected with LOY. However, the level of LOY in this sorted subset was considerably lower than in NK cells from AD patients. This might reflect that CD4+ lymphocytes is a heterogeneous group of cells and a possibility that LOY in only a fraction of these cells is connected with an increased risk for disease in PC patients. Consequently, further studies should focus on specific subsets within CD4+ lymphocytes.
NK cells are an important part of the host defense and the immune system has been suggested as severely disturbed in AD [29, 30] . Furthermore, NK cells have been proposed as involved in the pathogenesis of AD in studies performed in humans and animal models [31] [32] [33] [34] [35] [36] [37] [38] [39] . However, the role of NK cells in AD has not been sufficiently explored, especially when the accumulation of postzygotic mutations acquired during lifetime (such as LOY) is considered. The presented results support the possibility that LOY in certain types of leukocytes contributes to increased risk for specific diseases. Furthermore, the investigations of LOY in the context of associations with various diseases have until now typically used whole blood DNA. Overall, our results suggest that this strategy should be revised and we ought to consider using in future LOY studies DNA from the subsets of leukocytes that are most relevant for the disease under investigation. In conclusion, we provide the first indication that LOY in NK cells and CD4+ lymphocytes might contribute to the pathogenesis of AD and cancer, respectively, presumably by impairment of normal immune system functions.
Our results also suggested that cell clones with LOY often might be a result of oligo-clonal cell expansions in peripheral blood. In Figure 2C and F, we show data for oligo-clonality of LOY (ocLOY) in men with a diagnosis of AD or PC vs controls. OcLOY was defined as having LOY in >20% of cells in at least two of the six types of sorted leukocytes. We identified 52 subjects according to this definition and found that a majority of men with ocLOY had diagnosis of AD or PC (Figs. S8-S10). In the AD cohort, ocLOY was significantly higher in patients (OR=2.64, p=0.0127) with 24.0% of patients (median age=80, range=70-95) compared to 10.6% of controls (median age=75, range=70-95). A comparable difference was observed in the PC cohort in which 9.3% of the patients (median age=66, range=51-80) displayed compared to 5.1% of controls (median age=69, range=45-79). An overall analysis combining all AD and PC patients showed a significantly higher level of ocLOY compared to controls (OR=2.74, p=0.0026). Since the median age was slightly higher in patients than controls, we also investigated the frequency of ocLOY in a subset of subjects between 70 and 80 years of age. This analysis confirmed that OcLOY was more common (OR=2.87, p=0.0462) in patients (N=110, 18.2% with OcLOY, median age=76, range=70-80) than controls (N=70, 7.1% with OcLOY, median age=74, range=70-79). These results may suggest that the overall load of LOY in leukocytes may also contribute to disease development, in addition to involvement of specific cellular subsets with LOY in patients with AD and PC (i.e. NK cells and CD4+ Tlymphocytes, respectively).
The frequency of cells with LOY can be estimated from mRNA transcriptome
Our next goal was to investigate mRNA expression in samples of sorted cells and single-cells as well as in cells in vitro. The first step was to estimate the level of LOY from mRNA datasets. We studied transcriptome using two independent technologies, namely single cell RNA sequencing (scRNAseq) of peripheral blood mononuclear cells (PBMCs) and sequencing of bulk RNA (RNAseq) from the sorted leukocytes and 13 lymphoblastoid cell lines (LCLs). The latter were derived from single cell clones and encompassed five LCLs with 100% LOY cells as well as eight LCLs containing essentially 100% of cells with chromosome Y (see below).
For scRNAseq results, each sequenced cell with expression of autosomal genes, but without any transcripts from genes located in the male specific region of chromosome Y (MSY) was considered as a LOY cell. The single cell analyses of PBMCs collected from 29 men (26 diagnosed with AD) generated a scRNAseq dataset encompassing 73,606 cells analyzed using established algorithms, as described in methods and elsewhere [21] . The distribution and level of LOY estimated from scRNAseq in four major cell types (i.e. NK cells, monocytes, B-and T lymphocytes) is shown in Figure 3A and B. The level of LOY in NK cells, monocytes, B-and T lymphocytes in the pooled scRNAseq dataset were 27% (range 7-87%), 23% (range 7-87%), 7% (range 2-40%) and 3% (range 1-6%), respectively. Noteworthy, we identified single cells with LOY in all subjects studied by scRNAseq. Concerning bulk RNAseq data, the level of LOY was estimated by comparing the stabilized mean number of mRNA transcripts from MSY genes with the corresponding values of autosomal genes. The resulting ratios were rescaled to fit between 0 and 100, to produce estimates of LOY. This analysis was performed for 134 samples (NK cells, monocytes and granulocytes) derived from cell sorting of 51 subjects ( Fig. 3C and D) .
In order to evaluate the mRNA-based LOY estimates, we performed pairwise comparisons for scRNAseq and RNAseq against the DNA-based LOY scoring, using the same set of samples ( Fig.   4 ). We also compared the two mRNA-based methods and the Pearson's correlation coefficients for these pairwise analyses were 0.93, 0.92 and 0.91, respectively. This shows that the performance of LOY estimations from scRNAseq and RNAseq is reliable. Concerning the 13 LCLs, LOY estimation was performed using two methods; array-based SNP genotyping and droplet digital PCR (ddPCR); the latter utilizing a common polymorphism within amelogenin gene located on chromosomes X and Y [40] . This ddPCR-assay is a recent methodological development allowing rapid scoring of LOY and has been described elsewhere [41] . The estimations of the level of LOY from both technologies were highly concordant with Pearson's correlation coefficient of 0.9961. Details of the 13 cell lines are shown in Table S1 .
LOY causes a reduced level of expression of genes from chromosome Y
The study of LOY Associated Transcriptional Effect (LATE) started with analyses of the expression of genes located on chromosome Y. According to Ensembl (v. 95), the Y chromosome contains 64 protein coding genes: 45 in MSY and 19 in the pseudo-autosomal regions (PARs). We detected in total expression of 20 protein coding genes from chromosome Y in leukocytes studied with RNAseq and scRNAseq ( Fig. 1) . The determination of normally expressed genes from chromosome Y was based on observations in samples and cells without LOY. Hence, in the bulk RNAseq dataset, genes with at least 10 sequencing reads in more than 75% of the samples without LOY were considered normally expressed. For the scRNAseq data, expression in at least 10% of single cells without LOY was required to be defined as a normally expressed gene. Of the 20 protein coding genes located on chromosome Y and showing expression using above criteria, seven are located in the MSY and 13 in the PARs.
After establishing which MSY genes were normally expressed in the studied cell subsets, we investigated the level of expression of these genes in relation to the level of LOY in each sample. The analyses of expression of MSY genes were performed with the dataset generated with bulk RNAseq from sorted cells. Similar analyses with the scRNAseq data could not be performed, since single cells with LOY are per definition lacking transcripts from MSY genes. The analyses of the bulk RNAseq dataset showed that the normalized abundance of transcripts from the MSY genes clearly decreased with increasing level of LOY ( Fig. 5A) . A corresponding analysis of the genes located in the PAR also showed a decrease in transcript abundance with increasing levels of LOY. However, this LOY associated decrease was not as distinct as for the MSY genes, which can be explained by sustained expression of the chromosome X-copy of PAR genes (Fig. 5B) . The level of expression in relation to LOY for the normally expressed genes located on chromosome Y is shown in Figure S11 and data is provided in Table S2 . The effect on gene expression from a continuous LOY estimate was quantified using an established algorithm calculating the size and direction of the differential expression (DE) using regression analysis [42] . DE-values close to zero suggest no change and positive and negative DE-values indicate over-and under-expression, respectively. Among the PAR genes showing a lower expression as an effect of LOY is the CD99 gene ( Fig. 6B and D, Table S2 ). Its product is a cell surface glycoprotein involved in processes such as leukocyte migration, cell adhesion and apoptosis; e.g. by functioning as a diapedesis-mediating receptor central for migration of monocytes through endothelial junctions [43, 44] . A lower expression of CD99 in leukocytes with LOY might therefore mitigate extravasation and thus impair the recruitment and movement of leukocytes from circulation towards somatic tissues and sites of disease. In summary, samples with LOY showed a lower abundance of mRNA transcripts from genes located in MSY and
PARs. This provides proof of principle and serve as an internal control that LATE can be confidently estimated by transcriptome analyses.
Effects beyond the Y chromosome; autosomal LATE genes
In order to investigate whether LOY causes transcriptional effects of genes located on other chromosomes, we first determined the autosomal genes that are normally expressed in each studied cell type and subsequently measured their expression level in relation to LOY. The criteria used to identify normally expressed autosomal genes were the same as for the analyses of genes located on chromosome Y (see above). To determine differential expression of these genes as an effect of LOY we used two approaches: for the dataset generated with RNAseq we used the DESeq2 package in R [42] and for the scRNAseq dataset, negative binomial testing was applied as implemented in the R library Seurat [45] . Panel A in Table 1 displays the number of normally expressed genes as well as the number of LATE genes (using two stringency levels) in the different cell types studied by the two mRNA-based technologies. In Figure 6 , an additional criterion was applied to identify only the highly expressed LATE genes.
Two types of global LATE analyses were performed and each showed that the overall autosomal gene expression might be affected by LOY. The first was LATE study of in vitro cultured LCLs with and without LOY ( Fig. 5 C) . The LCLs were generated using Epstein-Barr virus transformation of lymphocytes collected from male donors with LOY in whole blood. DNA array as well as validation experiments using ddPCR were performed on viable LCLs and identified five monoclonal LCLs with 100% LOY cells as well as eight LCLs in which all cells carried chromosome Y. RNAseq of these 13 LCLs was performed and expression was investigated by principal components analysis. The first two principal components explained 45% and 19% of the total variance and a Kolmogorov-Smirnov test, comparing the variance in PC1 for LCLs with and without LOY, showed that the gene expression was affected in LCLs with LOY (D=1.0, p=0.0016). However, these results should be interpreted with caution since all LCLs with LOY in this analysis originated from the same donor ( Fig. 5C and Fig. S12 ). It is nonetheless interesting that LCL1_2 clustered closer to the LCLs without LOY originating from other subjects, than to the other LCLs (with LOY) from this donor.
The second analysis of genome-wide LATE was performed using the dataset generated by scRNAseq from PBMCs collected in vivo (Fig. 5D) . The hypothesis was that changes in expression as an effect of LOY would be larger in autosomal genes that are normally co-expressed with MSY genes, compared with genes that are not co-expressed with MSY genes. We mined the SEEK database for autosomal genes normally expressed in leukocytes and showing co-expression with six MSY genes expressed in all types of studied leukocytes ( Fig. 1, Figs. 5A and S11) and identified 275 co-expressed genes and 12852 control genes, i.e. without evidence of co-expression. The results showed a significantly larger dysregulation of the co-expressed genes, compared with control genes (Wilcoxon rank sum test: p=0.0021). Similar analyses were also performed separately within monocytes, NK cells, T-and B lymphocytes, in which 142, 116, 95 and 122 co-expressed autosomal genes as well as 3677, 3230, 2752 and 3075 autosomal genes without co-expression were identified, respectively. This showed that the global LATE was strongest in monocytes and T lymphocytes and weaker in NK cells and not detectable in B lymphocytes ( Fig. 5D ).
Hence, both types of global LATE comparisons described above supported an overall effect from LOY on expression of autosomal genes and the next step was investigation of specific autosomal LATE genes. In total, we identified 4026 LATE genes showing varying degree of differential expression in sorted leukocytes and LCLs studied by RNAseq as well as in PBMCs using scRNAseq. The analyses of cells in vivo identified 3366 LATE genes (3110 by RNAseq and 337 by scRNAseq) and 904 LATE genes by RNAseq in the LCLs (Table 1A) . Complete lists of all 4026 LATE genes identified in these datasets are provided in Table S2 . This table shows the level of normal and differential expression, the unadjusted p-values and significance levels after correction for multiple testing, by cell type and technology. Furthermore, Figs. S13-S16 display the observed differential expression of LATE genes in different cell types. A clear difference between bulk RNAseq and scRNAseq is that expression of about 3 times more genes could be detected with the former method. The main reasons for this difference might be because a gene is not expressed in a particular cell at the time of sequencing or a failure to be sequenced due to technological limitations. For example, scRNAseq has lower depth of sequencing and measures only transcripts tagged with polyA-tail. In contrast, in bulk RNA sequencing, a much larger number of cells are studied simultaneously, yielding transcript reads also from genes with lower normal expression and from genes with temporal variation in expression. 1B and S3 ). Pleiotropy can be defined as an effect from one feature at the genetic level to multiple characteristics at the phenotypic level [46] . Both in the bulk RNAseq and in the scRNAseq analyses, the fraction of LATE genes was substantially larger within specific cell types than the fraction of LATE genes shared between different subsets (Kruskal-Wallis Chi-squared= 6.5, p=0.0105). For instance, up to 15% of normally expressed genes showed LATE in NK cells, but only about 2% are shared between NK vs granulocytes and NK vs monocytes. Moreover, the fraction of shared LATE genes was larger among the in vivo studied cells compared with the LCLs (Kruskal-Wallis Chi-squared= 3.9, p=0.0495). These results suggest that LOY may preferentially cause expression differences of autosomal LATE genes in a cell type specific manner. This pleiotropic effect can to some extent be explained by the fact that different cell types normally express distinct sets of genes. Hence, future studies of LATE should be performed within specific cell types, rather than less informative studies on samples of mixed leukocytes. However, we also identified many LATE genes that were dysregulated in more than one cell type. For example, among the 3110 genes with LATE identified in the RNAseq data originating from the in vivo collection, 338 LATE genes were detected in two cells types and 31 were shared between all three types of studied leukocytes. Similarly, for the 337 LATE genes identified by scRNAseq, 25 genes showed LATE in more than one cell type and two of these LATE genes were shared between all four cell types studied (Table S2 ).
Comparing the number of LATE genes within cell types with the fraction of LATE genes shared between cell types provide interesting insights regarding possible pleiotropic effects of LOY (Tables

To investigate the biological functions of the identified LATE genes we first performed Gene
Ontology (GO) analyses of the unique 3360 LATE genes discovered in vivo using a stringency level of p<0.05 ( Table 1) . We found these genes to be significantly enriched in 7 GO categories directly linked to immune system functions ( Table S4A ). For example, of the 3360 analyzed LATE genes we found 617 genes supporting the GO category immune system process and 423 supporting immune response. We also performed a corresponding GO analysis including only the 521 LATE genes showing differential expression using a more stringent threshold (i.e. FDR<0.1, Table 1 ) and this analysis validated the link between LATE genes and central immune system functions (Table S4B) .
Furthermore, for a subset of these LATE genes, we reviewed the literature for known functions and found many of them to have connections with the immune system and/or development of AD and/or cancer. A brief summary of relevant LATE genes is provided in Table S5 , and among these genes are: LAG3, LY6E, ANXA1, CSF1R, APBA3, CSF2RA, JAK3, IL15, CD3D, CD3G, CADM1, PYCARD, LILRB2, LILRA1, KLRG1, HLA-DRA and CCL5. One of the LATE genes that showed the strongest downregulation was the autosomal LAG3 (Lymphocyte-activation gene 3) in NK cells ( Fig.   6 ). The LAG3 protein is a cell surface molecule that functions as an immune checkpoint receptor by binding its main ligand MHC class II with higher affinity than CD4. Cellular proliferation and immune cell activation is regulated by a balance between CD4/LAG3, in a similar fashion to the CTLA4 and PD1 immune checkpoints, where LAG3 expression suppresses cell activity [47, 48] . The observed low expression of LAG3 in LOY cells might disrupt the CD4/LAG3 balance, which is noteworthy in the context of immune-surveillance and the increased risk for cancer observed in men with LOY.
In the NK cells and monocytes, studied by both RNAseq and scRNAseq, we identified 206 and 60 genes, respectively, showing high expression and profound LATE in RNAseq ( Fig. 6) . Furthermore, 18 genes in NK cells and 9 genes in monocytes were supported by both technologies. Among these, a handful were detected as LATE genes in both cell types; such as the PAR gene CD99, the MSY genes EIF1AY and RPS4Y1, as well as the autosomal gene LY6E. The LY6E gene (lymphocyte antigen 6 family member E) is clearly upregulated in expression studies ( Fig. 6, Table S2 ) and it has the potential to inhibit inflammatory cytokines and disrupt inflammatory cascades. A survey of more than 130 published clinical studies found that increased expression of LY6E is associated with poor survival outcome in multiple malignancies [49] and it has also been found to be important for drug resistance and tumor immune escape in breast cancer [50] .
LOY in blood is associated with changes in the plasma proteome
We hypothesized that LOY might leave a footprint in the plasma proteome in subjects with high frequency of leukocytes with this aneuploidy. The ultra-sensitive Proximity Extension Assay (PEA) [51] has previously [52] been used in the NSPHS-cohort [53] to characterize protein abundance levels in plasma. In brief, abundance levels of 424 plasma proteins have been quantified using five commercially available PEA-panels (Olink Proteomics AB; INF, NEU, ONC2, CVD2 and CVD3), measuring abundance of 92 proteins each. We estimated the LOY status in 480 males in NSPHS from 30X whole genome sequencing data, showing that 13 (2.7%), 36 (7.5%) and 159 (33%) of male NSPHS-subjects had LOY in more than 20%, 10%, and 1.5% of leukocytes, respectively ( Fig. 7A) . By comparing the levels of plasma proteins in men with LOY in more than 20% of leukocytes with men without aneuploidy, using a statistical model adjusted for confounders such as age, smoking, various life style factors and medical history [54] , we found many plasma proteins with changed abundance between the groups (Fig. 7B) . After strict Bonferroni correction, only one protein remained significant, i.e. chemokine CXCL5, which was three times more abundant in plasma from men with LOY. CXCL5 is a proangiogenic chemokine and a strong attractant for granulocytes and is secreted by various immune-and specific non-immune cells. In the context of cancer, CXCL5 has also been associated with late-stage disease and promotion of metastases [55] [56] [57] . Since the CXCL5 gene is not among the LATE genes, caution is advised regarding cause and effect of high CXCL5 plasma levels in subjects with LOY. This might reflect an ongoing cancer-related process in these individuals. Among the other top-hit signals, there was an overrepresentation of proteins involved in regulation of the immune system and the inflammation panel (INF) generated highest number of candidates.
Overall, we did not observe a large overlap between LATE genes detected at the mRNA level within leukocytes and corresponding changes in abundance of their respective plasma proteins (details not shown). However, one of the proteins showing a tendency for higher abundance in men with LOY was TCL1A ( Fig. 7B) . Variants of this gene has been suggested in GWAS (as one of numerous genes) to be associated with increased risk for LOY [21, 25, 26] . The present and previous study (Table S2 ) [21] show that TCL1A is predominantly expressed in CD19+ B lymphocytes and overexpressed in cells from this subset affected by LOY (Figs. S14D and S16D), while the other types of leukocytes did not show its expression. However, it is remarkable that increased abundance of the TCL1A protein was detected in plasma from men with LOY. This is because the intracellular location of TCL1A is the cell nucleus [58] and that CD19+ B lymphocytes represent only a few percent of leukocytes in circulation. Results from scRNAseq and protein data, supports that LOYlinked upregulation of TCL1A oncogene in B-lymphocytes plays a role in driving clonal expansion in this subset. TCL1A (T-Cell Leukemia/Lymphoma 1A) is a gene normally expressed in early stage lymphocytes involved in regulation of multiple signaling pathways. Dysregulation of TCL1A has been associated with lymphomagenesis and cancer progression, e.g. in T cell prolymphocytic leukemia, via translocation that brings TCL1A under control of TCR [58] . The observation of TCL1A upregulation in B lymphocytes with LOY may suggest a novel LOY-dependent mode of activation for this oncogene, which deserves further studies. Our protein-related results provide a proof of concept that LOY can influence plasma protein levels and suggests that LOY may have an impact on systemic homeostasis. In conclusion, regardless of cause-and-effect relationships, CXCL5 and additional near significance signals showed in Figure 7 should be studied further using a larger collection of men with high level of LOY in leukocytes.
LOY has profound effects on transcriptome in pleiotropic fashion
LOY has already been shown as the most common post-zygotic mutation considering data from blood DNA alone [23, 28] . Furthermore, LOY also occurs in other tissues [17, 23] , but these two reports only scratched the surface of the topic and studies of other tissues/cell types should follow in order to establish the frequency of LOY in adult and aging men across the soma. Moreover, as we show here, LOY occurs frequently in blood as oligo-clonal expansions and this could be best explained by independent mutations occurring in progenitors for different lineages of hematopoietic cells, resulting in more than one expanding LOY-clone circulating in blood. Considering the above reasoning, LOY should probably be viewed as the most common human mutation of all categories. The combined number of LATE genes derived from analyses of various cells is surprisingly large, which suggests that a loss of ~2% of the human genome (via LOY) has a profound impact on cellular homeostasis. Furthermore, we show a limited overlap in the number of LATE genes between different types of hematopoietic cells. We therefore hypothesize that LOY has pleiotropic effects, depending on which cell type (i.e. a distinct normal transcriptomic program) that is disturbed by this large mutation. As already mentioned, epidemiological studies have associated LOY in blood to a number of different diseases and understanding of the underlying mechanisms of LOY in leukocytes on the development of pathologic processes in other tissues is the major future challenge. In this perspective, the LOY-pleiotropy might be a useful concept.
In total, we show 4026 LATE genes with varying degree of differential expression. The analyses of leukocytes via sorted-and single-cells in vivo identified 3360 LATE genes. We applied several steps of increasing the stringency for selection of genes with strong statistical support; i.e. robust differences in expression between cells with and without LOY. Table S5 shows a short functional summary for 95 selected LATE genes that can be of interest with respect to continued research into immune-, cancer-and AD-related mechanisms. Many of these genes are involved in normal functions of the immune system (Table S4 ). In our initial papers suggesting the role of LOY in the development of cancer and AD [8, 10] , we proposed that this aneuploidy might impair functions of the immune system, especially immune-surveillance that is responsible for elimination of abnormal cells and structures throughout the soma. In conclusion, the current work provides support for this hypothesis and indicates a role of LOY in distinct populations of leukocytes for the pathogenesis of cancer and Alzheimer's disease. Distance between dots indicates similarity in global gene expression and analysis of the variance in PC1 shows that LCLs with LOY have altered global autosomal expression compared to normal LCLs (Kolmogorov-Smirnov test: D=1.0, p=0.0016). Panel D shows results from co-expression analysis and autosomal differential expression (ADE) in single cells with LOY. Autosomal genes that are normally co-expressed with MSY genes displayed a higher level of differential expression in single cells with LOY compared with the control genes without normal co-expression with MSY genes (Wilcoxon rank sum test: p=0.0021). Analyses of changes of plasma protein levels in men with LOY from the NSPHS cohort. Panel A shows result from analysis of LOY in blood DNA collected from 480 men studied with 30X whole genome sequencing. The level of LOY plotted on the Y-axis was estimated in each subject (represented by dots) by comparing the observed number of sequencing reads from the MSY in relation to the number of reads from the autosomes. The calculated ratio represents the percentage of cells with LOY, with a value close to zero in men carrying a Y chromosome in all studied cells. We used two thresholds for LOY scoring (i.e. >10% or >20% of cells with LOY) for identification of individuals with LOY for downstream analyses of protein abundance and comparisons with the 319 control subjects, defined using calculation of the 99% confidence interval (C.I.) of experimental variation. Panel B shows analysis of 424 plasma proteins in 13 men with LOY in >20% of leukocytes vs 319 controls. Protein levels were measured by the normalized protein expression (NPX). The difference in protein abundance (i.e. Δ PA) was estimated for each protein by subtraction of the observed mean NPX in the LOY group (adjusted for age) by the corresponding mean NPX in the controls. Abundance of each protein is visualized with grey dots and positive or negative values indicate higher or lower abundance in men with LOY vs controls, respectively. Panels C and D show individual measurements (NPX adjusted for age) of the CXCL5 for each of the subjects using the thresholds at >10% and >20% of leukocytes with LOY, respectively. The boxes on the X-axis are according to the mean age in each group. . 6B ) γ) LATE genes in monocytes supported by RNAseq and scRNAseq: CD99, CSF2RA, EEF1B2, EIF1AY, LITAF, LY6E, RPS4Y1, S100A12 and TYMP (see 
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Preparation and sorting of blood cells with FACS
We implemented two strategies for preparation of blood cells for sorting using Fluorescence Activated Cell Sorting (FACS), as described in sections 2.1 and 2.2 below. 2 
Isolation and labeling of peripheral blood mononuclear cells (PBMCs) for sorting of T-and B lymphocytes as well as NK cells.
16 ml of whole blood were collected into two BD Vacutainer® CPT™ Mononuclear Cell Preparation Tubes (BD). Blood samples were centrifuged within 2 hours of blood collection, following manufacturer's instructions. Isolated peripheral blood mononuclear cells (PBMCs)
were stained with 20 µl of BD Multitest™ 6-color TBNK reagent (BD) and incubated for 20 min. at 4ºC. After incubation, PBMCs were washed with PBS and cell pellets were resuspended in 1 ml of PBS containing 3 mM EDTA.PBMCs were filtered through 40 µm cell strainer to obtain real single cell suspensions by removing cell aggregates (clumps).
Isolation and labeling of white blood cells (WBCs) for sorting of granulocytes, monocytes and B lymphocytes
16 ml of whole blood were collected into two BD Vacutainer® K2 EDTA tubes (BD). Red blood cells were lysed using 1× BD Pharm Lyse™ lysing solution (BD) added to blood samples up to 50 ml. Samples were incubated at room temperature for 10 min. The lysing step was repeated and then cells were then washed with PBS. Isolated white blood cells (WBCs) were stained with following antibodies: 5 µl of PE-labeled CD14, clone MφP9 (BD) and 20 µl of APC-labeled CD19, clone HIB19 (BD) and incubated for 20 min. at 4ºC. After incubation, WBCs were washed with PBS and cell pellets were resuspened in 2 ml of PBS containing 3 mM EDTA.
WBCs were filtered through 40 µm cell strainer to obtain real single cell suspensions by removing cell aggregates (clumps).
Sorting of target cell populations with FACS
The target populations of cells were isolated using FACS Aria III (Becton Dickinson) at Uppsala University, FACS Aria II (Becton Dickinson) at Jagiellonian University Collegium Medicum or MoFlo (Beckman Coulter) at Jagiellonian University. Data was acquired and analyzed using BD Live cells were sorted based on their FSC and SSC. CD4+ T cells were defined as CD45+CD3+CD8-CD4+; CD8+ T cells were defined as CD45+CD3+CD4-CD8+; B cells were defined as CD45+CD3-CD19+; NK cells were defined as CD45+CD3-CD4-CD16+CD56+; monocytes were defined based on their size and as CD14+; granulocytes were defined based on their size and granularity and additional B cells were defined based on their size and as CD19+. Cells were sorted to achieve the purity of above 96%. At least 200 000 cells of each type were sorted. After sorting, cells were centrifuged for 5 min. at 400 RCF and 1 ml of RNAProtect (Qiagen) was added to cell pellets. Resuspended cells were centrifuged for 5 min. at 400 RCF, the supernatant was removed and the cell pellets were frozen immediately on dry ice for further processing.
Establishment of lymphoblastoid cell lines (LCLs)
Peripheral blood mononuclear cells (PBMC) were isolated from blood by Ficoll-Paque gradient separation. PBMC were infected with EBV by incubating them with supernatant1 of the virus producing B95-8 line for 90 min at 37 o C. Thereafter the cells were washed and resuspended in complete RPMI-1640 medium (supplemented with 10% heat inactivated FCS, penicillin and streptomycin). 1 µg/ml Cyclosporine A was added to the cultures in order to inhibit T cell expansion and function. After 3 weeks of culturing, transformed cells were plated into microtitre plates with U-shaped bottom at a 1 cell/well density. In each well, gammairradiated human fibroblasts (5000 rad) served as feeder cells. Growing clones were expanded and further analyzed. Clones showing either 100% LOY or 100% normal cells were selected for further study. The percentage of LOY was determined using both genotyping and ddPCR technologies (see below).
LOY analyses using DNA from sorted cells and LCLs
DNA extraction
DNA was extracted from cell pellets of sorted cells using an in-house protocol. The cell pellet was resuspended in lysis buffer containing 10 mM EDTA, 10 mM Tris-HCL (pH 7.9), 50 mM NaCl, 1% N-Lauroylsarcosine sodium salt (Sigma) with 10 mg/ml proteinase K (Sigma) and incubated for 2 hours in 50⁰C. The DNA was then precipitated using Sodium Acetate (pH 5.4) and 96% Ethanol, washed with 80% Ethanol and resuspended in MQ water. DNA was extracted from whole blood using QIAmp DNA Blood Midi kit (Qiagen) according to manufacturer's protocol. The concentration of DNA was measured using Quant-iT™ PicoGreen® dsDNA Assay Kit (Thermo Fisher Scientific) according to manufacturer's instructions, and analyzed using plate reader Infinite M200 (Tecan Diagnostics). DNA was stored in -20⁰C freezer.
Genotyping using SNP-arrays
All genotyping experiments were performed following the manufacturer's instructions at the Science for Life technology platform SNP&SEQ at Uppsala University, Sweden. DNA extracted from the 2661 FACS sorted populations (collected from 408 subjects) was genotyped using three different versions of Illumina SNP-arrays (242 samples on the InfiniumCoreExome-24v1-1, 60 samples on the InfiniumOmniExpressExome-8v1-3 and 2359 samples on the InfiniumQCArray-24v1). The DNA extracted from the 13 LCLs was genotyped using the InfiniumQCArray-24v1.
Experiments using digital droplet PCR (ddPCR)
Additional quantification of the level of LOY for validation was performed using previously described procedure [1] . Briefly, extracted DNA from the established LCL cell lines was digested for 15 min with HindIII enzyme (Thermo Fischer) in 37 °C. After this, 50 ng of digested and diluted DNA was added together with PCR primers and probes targeting a known difference between the AMELX and AMELY gene assay C_990000001_10 (Thermo Fisher ) to ddPCR supermix for probes no dUTP (Bio-Rad). Droplets were then generated using an automated droplet generator (Bio-Rad). Following this, the digested DNA was amplified using PCR. Droplets fluorescence intensity in two channels FAM and VIC was measured using the Bio-Rad's QX200 Droplet Reader.
Experiments using bulk RNA from sorted cells and LCLs
RNA extraction
RNA was extracted from cell pellets using RiboPure™ RNA Purification Kit (Thermo Fisher RNA was kept on ice during handling and was stored in -80 ⁰C freezer. 5 
Bulk RNA sequencing (RNAseq)
Bulk RNA sequencing was performed by the Science for Life technology platform at Uppsala Genome Centre (Uppsala University, Sweden). The applied method quantifies the amount of mRNA of different genes (about 20,000) by amplicon-specific primer pairs (usually targeting exon 1 and exon 2 of the spliced mRNA) in PCR amplification followed by next-generation sequencing. For each sample, an average of 10 ng of RNA (1 -100 ng) from the 150 FACS sorted samples was used. Library preparation was performed using the Ion Ampliseq Human Gene Expression kit (Thermo Fisher Man0010742). Briefly, cDNA libraries were first constructed followed by amplification using Human Gene Expression Core panel (Thermo Fisher). For samples with a low amount of starting RNA the number of amplification cycles was increased (to 11 -16 cycles, depending on RNA abundance in the specimen). Then, IonCode (Thermo Fisher) barcodes were ligated to the amplified mRNA. Amount of RNA in each library was estimated using a Fragment Analyzer instrument (Agilent). Libraries were loaded onto Ion 550 chips following recommendations from the manufacturer (MAN0017275) and sequenced using an Ion S5 XL instrument. In total, 51 monocyte and granulocyte samples and 48 NK cell samples were sequenced. Out of these samples, 2 granulocyte and 2 NK cell samples failed to produce sequencing results.
Experiments using RNA from single cells
Sample preparation
Whole blood was collected from Swedish men using BD Vacutainer CPT tubes (BD Biosciences) following the manufacturer's instructions and stored on ice. PBMCs were isolated using density gradient centrifugation and resuspended in 0.04% BSA 1X PBS solution.
Concentrations were measured using an EVE cell counter (NanoEnTek, Seoul) and cells were diluted to 10 6 cells/ml. The cells were then delivered to the Science for Life SNP&SEQ Technology platform at Uppsala University, Sweden.
Single cell RNA sequencing (scRNAseq)
The collected PBMCs were loaded on a 10X Genomics Chromium Single Cell 3' Chip v2 for sequence library generation using protocol CG00052 (10X Genomics). The applied method quantifies the amount of mRNA of different genes in single-cells using a 3'-end protocol. It 
Measurements of plasma protein abundance in men with LOY
To investigate if LOY leaves a footprint in the plasma proteome previously generated data from NSPHS cohort was analyzed. The fraction of cells with LOY was estimated from sequencing data and protein abundance in the same subjects was measured using Proximity Extension Assays (PEA).
Whole genome sequencing (WGS)
From all 480 men in the NSPHS cohort, 30X whole genome sequencing (WGS) was available for LOY analysis and generated as follows. Sample DNA was fragmented using a Covaris E220 (Covaris Inc., Woburn, MA, USA) to an insert size of 320 bp. Sequencing libraries were prepared using 1. For each sample, we calculated the median of the log R ratio values of the SNParray probes located in the male specific region of chromosome Y (MSY), i.e. the continuous mLRRY, as described previously [2] . To correct for genotyping batch effects, we calculated the local regression median (LRM) in each batch and the mLRRY value for each subject was thereafter corrected by the batch-specific LRM. The percentage of normal cells without LOY in each sample was estimated using a formula described previously, i.e. 100*(2 2*mLRRY ) [1] .
LOY analysis using ddPCR data
The data generated by the Bio-Rad's QX200 Droplet Digital PCR System was analyzed in Bio-Rad's software QuantaSoft (version 1.7.4.0917) as described elsewhere [1] . Briefly, the amount of DNA of AMELY was divided by the amount of DNA for AMELX in each sample. The ratio represents an unbiased estimate of the level of LOY in the examined samples.
LOY analysis from WGS data
We used for scoring of LOY from whole genome sequencing data, a pipeline similar to previously described [3] . Briefly, sequencing raw reads were mapped and aligned using BWA-MEM 0.7.12 and v. GRCh37 of the human reference, followed by sorting and indexing by Samtools 0.1.19. Alignments from different lanes and flow cells were merged using Picard (1.120) . In order to estimate the amount of LOY in each male sample the software ControlFREEC (version FREEC-11.5) [4] was used. ControlFREEC calculates read depth ratios 8 for genomic windows from WGS-data while taking mappability for each region into account. As the ratio produced by ControlFREEC will equal to 1 for any region with two chromosomes and without any traces of CNVs, a Y chromosome region with the same conditions for a male subject without LOY will be 0.5. The Y-chromosome ratio was therefore multiplied by 2 for each male in order to get a Y chromosome ratio between 0 and 1. For the ControlFREEC settings, it was given the same references file that was used to create the bam-files as well as the 2 mismatches, hg19 and read length of 100 base pairs mappability file linked in programs manual (ControlFREEC v11.5). The settings were kept as default, except for the window-size set to 50.000 base pairs.
Quantification of LOY from RNA
Analysis pipeline of bulk RNAseq data from sorted cells
For each of the FACS sorted samples analyzed using the Ion Ampliseq Human Gene Expression kit, raw read-counts were read into the R (v3.5.3) software, and one matrix of read-counts was created per cell type. Outliers were searched for within each cell type using principal component plots. Only among the monocyte samples, eight outliers were identified and removed. To remove low quality expression data, the count matrices were filtered by creating two groups of samples (i.e. more and less than 50% LOY). In each group, only genes with at least 10 reads in one third of the samples were used.
In order to identify the normally expressed genes in the sorted cell fractions, we focused on samples without LOY. In these, a minimum of 5 reads in at least one third of the samples was required to be considered a normally expressed gene. In order to estimate the level of LOY in each sample in the RNAseq data, a variance-stabilizing transformation was first applied (DESeq2, varianceStabilizingTransformation function) to the count matrix in order to make the expression more coherent. A mean expression was then calculated for all genes on the autosomal chromosomes, and compared to the mean expression of the MSY-genes, generating a fraction of expression for the Y-chromosome. The calculated fractions were rescaled to fit between 0 and 100. This was done per cell-type, to remove cell type specific effects on expression levels.
We estimated the LOY associated transcriptional effects (LATE) as follows. The R library DESeq2 (v1.22.2) was used to identify genes with differential expression in the leukocytes derived from blood for each patient. As LOY is a continuous trait, the percentage of LOY estimated from SNP-arrays for each sample was used for statistical testing. To decrease the impact of read-count outliers the fraction of LOY was binned using 20% intervals between <20% -80%< and these bins were used as a continuous input variable for DESeq2 [5] . To avoid batch effects batches were introduced as a covariate in the analysis. Independent filtering of genes in DESeq2 was done using 0.1 as a value for the alpha parameter, which was also used as a cutoff for the DESeq2 adjusted p-values.
To 
Analysis pipeline of bulk RNAseq data from LCLs
We used R (version 3.5.2) and the edgeR (version 3.24.3) library to compare the expression between LOY and non-LOY group of samples in two steps. As all the clones with LOY were derived from the same individual (this individual also gave rise to one non-LOY clone) we designed the analysis to remove inter and intra individual differential expression effects.
As step one, in order to identify the intra-individual differences, we targeted the differential expression genes among all non-LOY clones by comparing each non-LOY individual's clones with all other non-LOY clones. The union of all differentially expressed genes resulted out of each comparison was gathered into List1 (Figure S12) . This gave us a set of genes that are differentially expressed between subjects but not due to LOY status. As step two, we targeted the differentially expressed genes regarding LOY status in two steps: first by comparing the non-LOY versus LOY clones derived from the same individual; second by comparing all non-LOY versus LOY clones and the overlap of the results of steps one and two was gathered into List2. The final list of LATE genes was generated by comparing List2 and List1 and extracting the differentially expressed genes that exist in List2 but not in List1, to remove the intra-individual differentially expressed genes from the LATE genes.
Analysis pipeline of single cell scRNAseq data
Sequence reads were mapped to the hg19 version of the human genome using CellRanger v2 (10X Genomics) using recommended settings. The produced raw reads matrices were analyzed using R (v3.4) and the R library Seurat (v2.2) [6] . For each sample the read count matrix was used to create a Seurat object in R. After this all data was log normalized and variable genes were identified using standard settings from the Seurat manual. Data was then scaled and the principal components were calculated. Then, the number of informative principle components for each sample was identified using an elbow plot and cells were then clustered using the findclusters Seurat function and informative principle components.
A tSNE plot was produced with the resulting clusters of the nearest neighbor clustering indicated by the color of each cell in the tSNE plot, to confirm consistency between the two methods. An in house R script was then used to calculate the level of expression of cell marker genes in each cluster and cell types was assigned using the strongest expression signal. These results were then manually inspected using heatmaps in order to confirm the automated cell-type assignment.
For each sequenced cell, the number of reads mapping to genes in the MSY was counted. Cells having a LOY transcriptional profile were identified as cells having no expression from genes in the MSY. To calculate percentage of LOY in each sample and cell-type the fraction of cells having LOY was calculated for each specific cell type. Following this step, all individuals were merged together creating one object for each studied cell type (monocytes, NK cells, T-and B lymphocytes). The procedure outlined above was repeated for the merged data-sets and the cells were filtered only keeping cells with at least 800 expressed genes but no more than 2000 expressed genes. This was done both to remove experiments where two cells were sequenced together, and to remove cells with a generally low expression of genes, where the LOY estimate may be erroneous. Cells with more than 5% mitochondrial RNA were also excluded, in order to remove possibly apoptotic and damaged cells from the analysis.
Normally expressed genes in the scRNAseq data were defined by the expression in at least 10% of single cells without LOY. After establishing the normally expressed genes in each cell type in the scRNAseq data, we further filtered the cells to only include only cells having more than 2500
UMIs. This was done in order to remove possible false positive LOY cells, and only keep cells where a robust and high number of UMIs was found. We then identified LATE genes using the Seurat FindMarkers function. We used this function to test differences in gene expression in cells with and without LOY using the built-in negative binomial test.
Co-expression analysis
We investigated if changes in expression as an effect of LOY would be larger in autosomal genes that are normally co-expressed with MSY genes, compared with genes that are not co-expressed 11 with MSY genes. Six MSY genes that are normally expressed in lymphocytes were used in this analysis (i.e. RPS4Y1, ZFY, USP9Y, DDX3Y, KDM5D and EIF1AY). Genes normally coexpressed with these MSY-genes were identified using the SEEK database [http://seek.princeton.edu/]. After this we calculated the fold change of the expression between LOY and normal cells for each cell-type. We then selected the top 300 co-expressed genes retrieved from the SEEK database and for each of these genes we identified if they were expressed in our scRNAseq data or not. Following this the fold changes for genes found to be co-expressed and genes that were not co-expressed was used to produce plots and p-values (Wilcoxon rank sum test).
Gene ontology (GO) functional annotation
For annotation of known functions of chromosome Y genes for Fig. 1 , a list of all genes located on the Y chromosome together with associated GO categories was downloaded from Ensembl (v.
95) using the R library bioMart (v2.38). The list was filtered for protein coding genes and annotated as either positioned in the male specific part of the Y chromosome (MSY) or in the pseudo autosomal regions (PAR). The GO categories for each gene were inspected manually and genes were assigned into four different categories: "Transcription, translation epigenetic and PTM functions", "Cell differentiation, migration proliferation and apoptosis", "Sex determination, fertility and other functions", "Immune response and immune cell signaling".
We also performed GO analyses of the LATE genes identified using a stringency level of p<0.05 (n=3360) as well as for LATE genes showing differential expression using the more stringent significance level of FDR<0.1 (n=521) in the samples studied in vivo using scRNAseq and RNAseq ( Table S2 ). The analyses were performed using GO Ontology database (http://geneontology.org/) on the 2019-05-24 using the "GO biological process complete" option, the Fisher's exact test, and the FDR correction method. As input we used the 521 and 3360 LATE genes showing differential expression as an effect of LOY and as reference background, we used all the expressed genes identified in vivo in the scRNAseq and RNAseq experiments (n=11859).
Analysis of protein abundance
Analysis of the protein data was performed using an adapted Personally Normalized Plasma Protein Profiles (PNPPP) method [7] . Briefly, variance in protein abundance levels not related to LOY was accounted for by first examining a set of 159 covariates (anthropometrics, lifestyle
